Citation: Tam J, Liu J, Dubra A, Fariss R. In vivo imaging of the human retinal pigment epithelial mosaic using adaptive optics enhanced indocyanine green ophthalmoscopy. Invest Ophthalmol Vis Sci. 2016;57:4376-4384. DOI:10.1167/iovs.16-19503 PURPOSE. The purpose of this study was to establish that retinal pigment epithelial (RPE) cells take up indocyanine green (ICG) dye following systemic injection and that adaptive optics enhanced indocyanine green ophthalmoscopy (AO-ICG) enables direct visualization of the RPE mosaic in the living human eye.
I
ndocyanine green (ICG) dye is an extrinsic fluorophore routinely used to image the retinal and choroidal vasculature and is excited using infrared light. 1, 2 Its rapid clearance from the blood after initial intravenous injection (half-life of a few minutes) establishes a time window of approximately 30 minutes, after which it is thought that little or no additional clinically useful information can be derived. In fact, the later phases of ICG imaging (beyond 30 minutes after administration) remain relatively unexplored. One study reported a residual ICG signal in patients' eyes 24 hours post injection. 3 At that time-point, in the absence of vascular signal, welldemarcated hypofluorescent lesions were described in patients with age-related macular degeneration. Notably, in both healthy eyes and nonlesion areas of diseased eyes, a weak, but visible ICG signal was still visible. The source of this signal remains to be determined. Histologic evidence has suggested that there may be accumulation of ICG dye in the late phase within retinal pigment epithelial (RPE) cells. 4, 5 To explore this phenomenon, we further investigated whether ICG could be used for imaging the RPE cells in the living human eye with adaptive optics (AO) ophthalmoscopy.
Adaptive optics ophthalmoscopy provides new opportunities for imaging the retinal tissue at a resolution that is sufficient for visualizing individual cells. [6] [7] [8] [9] [10] [11] Although some retinal cells, such as photoreceptors, have intrinsic single or multiple scattering contrast and can be readily imaged, [7] [8] [9] 11 other cells have little or no signal and therefore require different strategies for their successful visualization, such as the use of AO optical coherence tomography (OCT). [12] [13] [14] In general, the RPE cells cannot be routinely imaged using AO confocal reflectance imaging, except when the overlying photoreceptors are absent. 15 Single-photon ophthalmic AO autofluorescence imaging has been used to visualize the RPE mosaic, based on the use of visible wavelengths of light to excite lipofuscin within these cells. 16 Due to concerns related to the risk of phototoxicity associated with visible wavelengths used in this technique, 17, 18 careful adherence to stringent limits of light exposure is required, and automated focusing or real-time eye tracking may also be required. 19, 20 Adaptive optics 2-photon fluorescent iovs.arvojournals.org j ISSN: 1552-5783
imaging of the RPE mosaic is also possible in animals but currently only with light levels that are above maximum permissible exposure limits. 21 Recently, AO dark-field images of RPE were generated. 22 However, in our hands, this technique is successful in only a small minority of individuals, and when successful, it is only able to visualize RPE cells in the fovea.
Adaptive optics ophthalmoscopes can be modified for single-photon fluorescence by adding an excitation light source and appropriate emission filters, as was demonstrated for imaging the passage of fluorescein dye through the retinal vasculature. 23, 24 In a similar manner, we modified our AO ophthalmoscope to detect near-infrared fluorescence light for imaging of ICG, which we then used to demonstrate a novel approach for imaging individual RPE cells in the living human eye. In our particular instrument, we simultaneously captured confocal reflectance images of photoreceptors, 10 split detection images of photoreceptor inner segments, 25 dark-field images of RPE cells, 16 and single-photon near-infrared fluorescence images of RPE cells. Our late-phase AO-ICG images alongside confirmatory histologic studies in mice establish that RPE cells contribute to the fluorescence signal observed in the late phase of ICG.
METHODS

Human Subjects
Research procedures adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained after the nature of the research and possible consequences of the study were explained. The study was approved by the Institutional Review Board of the National Institutes of Health. Three healthy volunteers with no history of systemic or ocular disease were recruited to undergo AO-ICG imaging in both eyes. Prior to imaging, eyes were dilated with 1 drop of 2.5% phenylephrine hydrochloride and 1 drop of 1% tropicamide.
AO Instrumentation
A replica of a broadband adaptive optics scanning light ophthalmoscope (AOSLO) was assembled as described previously. 10 In addition, split detection and dark-field imaging capabilities were added. 22, 25 Wavefront sensing was performed using an 850 nm light source, and imaging was performed using a broadband (~17 nm full width at half maximum) 790 nm light source with a beam diameter of 7.75 mm at the point of entry into the eye. This system was further modified to enable the excitation and detection of ICG fluorescence. Specifically, an additional photomultiplier tube capable of nearinfrared detection was added for ICG imaging (product H7422A-50; Hamamatsu, Shizuoka, Japan), along with a dichroic filter (product LPD02-830RU-25; Semrock, Rochester, NY, USA), and two additional filters in front of the detector (products FF01-842/SP and FF01-832/37; Semrock) to effectively collect light between 810 and 830 nm. A pinhole with a 3 Airy-disk diameter was used. A bandpass filter was placed in front of the 790 nm light source to restrict the excitation wavelengths to only those wavelengths below 800 nm (product ET775/50X; Chroma Technology, Bellow Falls, VT, USA), as well as in front of the 850 nm light source to prevent light less than 840 nm from reaching the eye (product FF01-850/10; Semrock). These additional filters slightly reduced the power of the light as measured at the cornea. Imaging was performed using either a 90/10 or an 80/20 (% Transmission/ % Reflection) system beam splitter. In this study, the light power levels measured at the cornea were maintained below 100 lW for the 790 nm source and 35 lW for the 850 nm source, which are under the maximum permissible exposure set by American National Standards Institute standard Z136.1 2014. 26 
AO Imaging
Twenty-to 30-second videos were acquired at various retinal locations at an imaging rate of 17 frames per second. The locations were selected with some overlap, using square field sizes ranging from 0.758 to 2.08 and included the fovea and parafoveal regions of both eyes, both prior to and after ICG injection. Additional peripheral regions were also selected for imaging at 58, 108, and 158 eccentricity in the temporal direction. Indocyanine green was administered intravenously as a single bolus at a dose of 25 mg in 3 mL, according to the standard of care at the National Eye Institute Eye Clinic. During each recording, four image sequences were acquired simultaneously: AO confocal reflectance, ICG fluorescence (AO-ICG), and two additional channels containing multiple scattered light from opposing directions of the confocal detector, which were used to generate AO split detection and AO dark-field images. In total, 1984 videos were acquired over six separate imaging sessions. A computer-controlled fixation system was used to facilitate the capture of images. 19 During imaging, the focal plane was set to that of the photoreceptors based on a previous report stating that the optimal focal plane for AO dark-field RPE imaging was the plane of optimal photoreceptor imaging. 22 Biometry measurements were also acquired from all subjects (IOL Master; Carl Zeiss Meditec, Dublin, CA, USA) and used to determine scaling factors to convert pixels to micrometers.
AO Image Processing
Videos were postprocessed to correct for eye motion, using customized software, as described previously. 27 Because four videos were acquired simultaneously, the video with the (subjectively determined) sharpest features was selected for the computation of eye motion, which in all cases was the AO confocal reflectance channel. The computed eye motion was then applied to the other three corresponding videos, 16 which enabled accurate registration of even those videos with little or no signal (e.g., ICG videos acquired prior to the injection of ICG dye can be registered using this strategy). After eye motion correction, registered frames were averaged, and a montage was manually created using Photoshop software (Adobe, San Jose, CA, USA). With the exception of quantitative analyses described below, the maximum number of successfully registered frames was included for averaging (up to a total of 500 possible frames). For display purposes, AO-ICG and AO dark-field image contrast ranges were stretched between the minimum and maximum values.
Quantitative Analysis
A subset of human AO-ICG data was selected for further analysis. For each subject, a 0.98 square region of interest that showed the clearest RPE cell outlines on the AO dark-field images was selected for further analysis. Using ImageJ software (ImageJ, US National Institutes of Health, Bethesda, MD, USA; available in the public domain, http://imagej.nih.gov/ij/), we manually identified the centers of RPE cells based on the locations of cell outlines and following the assumption that RPE cells form a uniform hexagonal array in healthy volunteers. These cell centers were then used to construct Voronoi neighborhoods 28 to facilitate qualitative comparisons between AO dark-field and AO-ICG images in order to determine whether there was a correspondence between the cell outlines In Vivo Imaging of the Human RPE Mosaic IOVS j August 2016 j Vol. 57 j No. 10 j 4377 seen using AO dark-field and the pattern seen using AO-ICG. In addition, cell density was computed by dividing the number of identified cell centers by the area of the region of interest and compared to previously published values of RPE cell density based on histology.
Relative intensity measurements were also carried out to verify the uptake of ICG dye. In human subjects, fluorescence intensity values were measured from raw data as the average across a single video acquired at the fovea both prior to the injection of ICG and 2 hours afterward (acquisition parameters were kept constant for this analysis: 1.58 field of view, 200 frames acquired at 17 Hz, ICG photomultiplier tube gain setting of 0.500, focus set to the plane of best photoreceptor focus). The preinjection video was used as the baseline intensity, and the relative intensity was calculated by dividing the mean of the postinjection site video by the mean of the preinjection video in order to derive an estimate of the signal strength. For mouse data (described below), the average intensity value of the image acquired in the ICG channel was measured by drawing a line through the RPE layer and taking the average of the intensity values along the line, using ImageJ software. In this case the relative intensity was computed by dividing the measured intensities in an injected mouse by those in a noninjected mouse. Human data were paired before and after injection, and mice data were paired by siblings (injected and noninjected). A 1-tailed paired t-test was used to evaluate whether ICG injection resulted in an increase in detected fluorescence intensity.
Experimental Animals
Experiments were conducted according to protocols approved by a local Institutional Animal Care and Use committee and in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All animals were housed and bred in the National Institutes of Health animal facilities. Ten mice from various backgrounds were used (6 C57BL/6J, 2 B6-albino, 2 OTO2-10). Mice were paired into five sets of 2 siblings with each pair taken from the same litter. The age of the mice ranged from 2 to 6 months (average, 3.5 months). Intraperitoneal injection of ICG was performed in one mouse from each pair (200 lL of 5 mg/mL solution).
Histology
Experimental animals were euthanized by carbon dioxide inhalation at a 16 hours after administration of ICG dye for the ICG-injected mice. Immediately after enucleation, eyes were embedded in optical cutting temperature (OCT) compound and rapidly frozen using acetone, cooled to approximately À708C by addition of dry ice. No fixation agents were used based on our own experience and prior reports that ICG localization within the ocular tissue is altered due to the highly soluble nature of ICG. 4 Cryosections (8-10 lm) were cut through the center of the eye, collected on Super-frost Plus microscope slides (Fisher Scientific, Waltham, MA, USA), vacuum dried, and mounted in Immu-Mount (ThermoFisher Scientific, Rockville, MD, USA).
Microscopy
To prevent diffusion of ICG dye into the unfixed tissue, cryosections were imaged immediately after mounting. Microscopy was performed using a modified Axio imager Z1 microscope (Carl Zeiss) outfitted with an X-Cite 200DC light source (Lumen Dynamics, Mississauga, ON, Canada) and an ICG filter kit (product ICG-B-ZHE-ZERO; Semrock), which enabled near-infrared imaging of ICG. All ICG images were acquired using a 1.30 numerical aperture 403 objective and AxioCam MRm charge-coupled device camera (Carl Zeiss) with an exposure of 4.0 seconds. Autofluorescence images of cryosections were acquired sequentially (immediately after ICG imaging) to allow for the identification of retinal layers (450-490 nm excitation, 500-550 nm detection).
RESULTS
Following systemic injection of ICG into three human subjects (HV1: 33-year-old male; HV2: 40-year-old female; HV3: 25-yearold female), a heterogeneous AO-ICG signal was observed by using the modified AOSLO that was qualitatively distinct from both AO confocal reflectance and AO dark-field images of the same retinal region (Fig. 1) . Whereas only cell outlines were visible under AO dark-field illumination, entire cells appeared to be visible using AO-ICG. The structures visible on AO-ICG imaging were hexagonal in appearance and several-fold larger in size than cone photoreceptors, consistent with the expected size of RPE cells.
Adaptive optics dark-field imaging was used to confirm that these cells were indeed RPE cells. In regions where individual RPE cells could be visualized using both AO darkfield imaging and AO-ICG imaging, there was good correspondence between the two techniques (Fig. 2) . A total of 2,209 RPE cells were manually identified in 3 regions of interest (ROI) near the fovea of three eyes (approximate eccentricity of the center of each ROI was 1.18 in HVI; 1.0 in HV2; and 1.4 in HV3; each ROI was 1.58). The density of the RPE cells based on manual cell labeling (Fig. 2) was 5488, 6564, and 5382 cells/mm 2 for the three subjects (average: 5811 cells/mm 2 ), comparable to a previously published report of RPE cell density in humans 29 (7500 cells/mm 2 peak density at fovea, decreasing to 5000 cells/mm 2 at an approximate eccentricity of 18) and in monkeys 16 (5260 6 320 cells/mm 2 peak density at fovea, decreasing to 5110 6 310 cells/mm 2 at 18). Voronoi neighborhoods generated from the manually identified cells overlapped with the individual patterns seen in AO-ICG, suggesting that ICG accumulates in the cytoplasm of RPE cells.
The axial resolution of confocal scanning systems is poor relative to its lateral resolution when imaging using the AOSLO in the human eye. Hence, histology of mouse eyes was used to confirm the layer-specific localization of the dye following systemic injection. In all cases, there was an increase in ICG fluorescence signal that was specific to the RPE layer following systemic ICG injection (Fig. 3D) . Measurements of fluorescence within the RPE layer were higher in the ICG-injected animals than in their noninjected siblings, with an average intensity increase of 4.7-fold. This intensity increase was statistically significant (P < 0.05). The example shown in Figure 3 illustrates a 2.7-fold increase in intensity from one pair of C57BL6/J mice. No ICG fluorescence was detected in the inner retina. In humans, from in vivo adaptive optics imaging data, there was an average 2.5-fold increase in intensity, comparing intensity values 2 hours after injection to the same area prior to injection (P < 0.05). Prior to injection, there was no detectable signal (e.g., no leakage of excitation or wavefront sensing light into the AO-ICG detection channel) (Fig. 4) .
The AO-ICG signal was robust across all imaging parameters that were tried. Although the RPE mosaic was not visible on a single frame, it was easily visible after accumulation of as few as 10 frames, corresponding to approximately 400 ms of cumulative light exposure (Fig. 4) . We tested two different beam splitters to couple the light sources (10% or 20% reflection) and the detectors (90% or 80% transmission, respectively). The use of an 80/20 beam splitter (HV2 and HV3) resulted in a similar or better AO-ICG image than that obtained using the 90/10 beam splitter (HV1), with no apparent differences in the other AO imaging modalities. AO-ICG images were nearly identical when acquired using different field sizes and even across different time points (Fig.  5) . Given the longevity of this signal, and to ensure maximal clearance of ICG from the blood stream, we opted to acquire extensive AO-ICG images at the time point of 2 hours post injection (Figs. 1, 2, 4, 6, 7) .
After modifying the AOSLO for ICG imaging, we were still able to simultaneously acquire high quality AO confocal reflectance and AO split-detection images alongside AO-ICG images (Fig. 6 ) without compromising the confocal and multiple-scattering imaging capabilities. The AO-ICG RPE signal appears to be visible over a range of retinal eccentricities within 58 of the foveal center without any noticeable drop-off in signal (Figs. 6, 7) . However, at larger eccentricities, there is an imprinting effect which occurs from the overlying photoreceptors (Fig. 6 ).
DISCUSSION
Adaptive optics-ICG provides a novel method for imaging RPE cells within the living human eye. High-resolution singlephoton fluorescence imaging revealed the presence of a stable, heterogeneous signal that persisted between 20 and 120 minutes after intravenous injection of ICG at a standard clinical dosage. This appears to be a physiologically normal phenomenon in healthy volunteers free of any signs of systemic or ocular diseases. The mechanism for this differential fluorescence remains to be explored, as it is currently unknown whether this is due to differential uptake of ICG dye or due to quenching from intrinsic pigments such as melanin, which has a broad absorption spectra that may be different in vivo than in vitro. 30 Interestingly, the heterogeneity of the prolonged ICG signal that we observed in humans has also been reported in rats 5 and considerable cell-to-cell heterogeneity within the RPE mosaic has been shown. 31 Images of the AO-ICG signal presented in this paper will form the basis for future investigations to explore the interactions between ICG and RPE at the cellular level.
We confirmed the specific localization of ICG to the RPE cells using histologic data from mice tissue samples (Fig. 4) . The selective uptake of ICG into RPE cells appears to be specific, with no substantial uptake in neighboring retinal cells. This phenomenon was robust and repeatable over a range of different mouse strains, consistent with previous reports demonstrating this phenomenon in rats 5 and nonhuman primates 4 and could be demonstrated in human subjects as shown in this paper, suggesting that it is generalizable to a potentially larger range of animal or disease models. In contrast to previous studies that administered ICG intravenously, 4, 5 we administered the dye intraperitoneally in mice in order to prolong the absorption time of the dye into the RPE cells and increase the strength of the ICG signal under microscopy.
Although histologic data shows that there is instrinsic infrared autofluorescence 32, 33 in the outer retina (Fig. 3B) , this signal is too weak to be captured using the current implementation of AO-ICG (Fig. 4A) . In mice, the ICG signal was approximately 5 times larger than the background infrared autofluorescence for pigmented mice. In support of our claim that the near infrared fluorescence in the RPE was due to injected ICG, and not due to background infrared autofluorescence, we also evaluated a pair of albino mice. Whereas the ICG fluorescence intensity in the RPE of the injected albino mouse was similar to that of the other pigmented strains, the near-infrared autofluorescence in the corresponding control (noninjected sibling) was largely undetectable. This confirms that there is uptake of ICG in the RPE following systemic injection, independent of the background infrared autofluorescence. In particular, this suggests that the background infrared autofluorescence signal arises largely from pigmentation (melanin) and that the strength of the ICG signal in RPE cells is many-fold higher than this background autofluorescence.
Our implementation of AO-ICG uses only one imaging light source to record four different modalities of AO images (confocal reflectance, split detection, dark field, and ICG). Because these modalities are recorded simultaneously and they originate from the same illumination source, they are in perfect registration with each other. Importantly, we have shown that the modifications that are required for AO-ICG imaging can be accomplished in a manner that does not diminish the image Voronoi diagrams overlaid. The Voronoi overlay was generated based on manually identified RPE cells from the dark-field image. For each subject, the same Voronoi is shown in the third and fourth columns. The ICG fluorescence within individual Voronoi neighborhoods is relatively uniform, suggesting that there is good correspondence between the cells identified using AO-DF and those using AO-ICG. Scale bar: 100 lm. quality in the other channels (Figs. 1, 2, 6 ). The instrumentation that we used for AO dark-field imaging is an exact replica of that described in a previous paper demonstrating AO darkfield imaging of RPE cells, 22 and we were able to acquire highquality AO dark-field images in the foveas of all three subjects. However, in our hands, AO dark-field imaging successfully revealed the RPE cells in only a small minority of subjects and is generally not successful in revealing RPE cells outside of the foveal region. Nevertheless, direct comparison between AO dark field and AO-ICG in three selected regions of interest in which AO dark field was successful established the fact that the cells visualized using AO-ICG are contained within the cell borders as seen using AO dark field. Based on a previous study, the cellular structures visualized using AO dark field also colocalize to RPE cells, revealed by AO visible-light autofluorescence imaging, 22 consistent with our observation that AO-ICG can be used to visualize RPE cells in the living human eye.
There are some important limitations of AO-ICG. First, at larger eccentricities, there is signal imprinting from overlying photoreceptors visible in the AO-ICG images (Fig. 6 , the edges of the image in Fig. 7 ). This imprinting could represent a method with which to visualize the interaction between photoreceptors and RPE cells, as it likely arises from the excitation light being wave guided by the overlying photoreceptors. 34 Notably, whereas RPE cells could not be distinguished using AO dark-field imaging at any of the larger eccentricities (58, 108, and 158), combined color images of AO-ICG/AO split-detection suggest that with further optimization, AO-ICG may be a more robust method for imaging RPE cells outside of the fovea (Fig. 6, far right column) . Second, the AO-ICG signal is weak, with an average signal increase of 2.53 after injection compared to before injection in humans. Despite the relatively weak signal, signal integration through eye motion compensation provides a reliable method for generation of images, and an AO-ICG signal can be obtained using as few as 10 frames, in the best case scenario. For comparison, the initial reports of AO autofluorescence imaging of RPE cells used between 1000 and 1700 frames. 16 Although we performed a number of optimization experiments, additional improvements in instrumentation could lead to improved signal and may also enable infrared autofluorescence imaging of RPE cells. Finally, administration of ICG dye is not without risks. [35] [36] [37] That said, the risk for adverse reactions is very low, 37 and administration of ICG dye is a standard clinical procedure and one of only a few examples of an extrinsic dye that is approved by the US Food and Drug Administration for use in the human body. 1 Taking into consideration both the clinical and the preclinical data, we demonstrate that in the late phase of ICG imaging, RPE cells contribute to the fluorescence signal that is imaged. This finding has important implications for clinical studies. Although ICG plays a relatively limited role in the clinic in comparison to other techniques, 38 our finding FIGURE 5 . Imaging optimization in subject HV1, left eye. The same region was imaged at two different times after intravenous injection of ICG dye (20 and 120 minutes, respectively), using different fields of view (0.758, 1.08, and 1.58). There is a small region that was not imaged due to small differences in fixation and eye motion from one imaging session to another (top left, black box). The images were nearly identical, suggesting that the dye uptake is stable and can be imaged over at least 100 minutes. Scale bar: 50 lm. may lead to a new clinical method to indirectly assess the health or status of the RPE layer as a whole using conventional methods for imaging ICG in the clinic, even without the use of AO technology. It should be noted that even though ICG undergoes rapid clearance from the blood plasma, the persistence of ICG in the RPE may reflect a longer time course for the clearance in cells that have internalized this fluorophore. Importantly, this persistence of ICG provides an extended period of time for AO imaging to occur, which is generally a lengthy process since a large number of overlapping images need to be acquired in order to reconstruct a larger montage. The ICG clearance time remains to be explored. In the future, implementation of realtime eye tracking capabilities, 20, 39, 40 in combination with streamlined imaging protocols, should lead to dramatic improvements in imaging throughput. Adaptive optics-ICG complements existing AO techniques for imaging the RPE and has the added advantage that it uses near-infrared wavelength light for imaging, which is a safer alternative to visible sources of light due to the avoidance of photochemical damage associated with wavelengths of light shorter than 600 nm. 17 In addition, it does not rely on any intrinsic fluorophores such as lipofuscin, which varies with age and from person to person and which may be significantly altered in diseases such as age-related macular degeneration. 41, 42 Instead, the use of an extrinsic fluorophore could provide a more objective way to probe the interface between the systemic circulation and RPE cells independent of unknown intrinsic signals. Because instrumentation for imaging ICG shares similarities with near-infrared autofluorescence (IRAF) instrumentation, the methods developed in this paper may contribute to future AO-enhanced IRAF imaging. However, this will require further improvements (Fig. 4A) .
Future studies will also explore the potential use of AO-ICG for imaging the retinal and choroidal vasculature. Although OCT angiography [43] [44] [45] [46] (including AO-based OCT angiography [47] [48] [49] [50] ) is becoming an attractive alternative to conventional fluorescein and ICG angiography for vascular imaging, this does not preclude the use of AO-based angiography techniques such as AOSLO-based fluorescein angiography 24 when additional vascular detail is desired. It is also possible to use AOSLObased angiography to obtain detailed images of the capillary network without the use of injected dyes, [51] [52] [53] to directly measure and track individual blood cells, [54] [55] [56] to measure pulsatility 54, 57 and to assess vascular walls. 52, 53 Application of AO-ICG to vascular imaging would further broaden the range of complementary approaches for assessing the vasculature for improving our understanding of disease.
In summary, AO-ICG provides a novel view of the RPE cell mosaic in the living human eye. The use of multimodal AO imaging will enable new investigations of relationships between photoreceptors and RPE cells in health and disease and will lead to valuable information about disease progression and the efficacy of current and future therapies for eye disease.
